Swarming motility is suggested to be a social phenomenon that enables groups of bacteria to coordinately and rapidly move atop solid surfaces. This multicellular behavior, during which the apparently organized bacterial populations are embedded in an extracellular slime layer, has previously been linked with biofilm formation and virulence. Many population density-controlled activities involve the activation of complex signaling pathways using small diffusible molecules, also known as autoinducers. In Gramnegative bacteria, quorum sensing (QS) is achieved primarily by means of N-acylhomoserine lactones (AHLs). Here, we report on a dual function of AHL molecules in controlling swarming behavior of Rhizobium etli, the bacterial symbiotic partner of the common bean plant. The major swarming regulator of R. etli is the cinIR QS system, which is specifically activated in swarming cells by its cognate AHL and other long-chain AHLs. This signaling role of long-chain AHLs is required for high-level expression of the cin and rai QS systems. Besides this signaling function, the long-chain AHLs also have a direct role in surface movement of swarmer cells as these molecules possess significant surface activity and induce liquid flows, known as Marangoni flows, as a result of gradients in surface tension at biologically relevant concentrations. These results point to an as-yet-undisclosed direct role of long-chain AHL molecules as biosurfactants.
T
he recently proposed term ''socio-microbiology'' (1) summarizes in a cryptic way the ongoing research on different aspects of bacterial communities. Certain social phenomena like ''quorum sensing'' (QS) and ''swarming'' in several bacterial species are connected instead of operating separately (2) . Cell-cell communication using N-acylhomoserine lactone (AHL) signals is one of the widespread and known mechanisms through which Gram-negative bacteria can communicate (3) (4) (5) . AHL signals may be saturated or unsaturated, and the length of their acylgroup and the substituent may vary. The physiological processes regulated by AHLs in different bacterial species are diverse as reviewed in ref. 3 . Often, the regulated genes are crucial to the colonization or infection of the eukaryotic hosts (6, 7) . Local conditions on a microscopic scale (such as pH, enclosed environment, and diffusion characteristics) may affect signal molecule longevity, stability, and accumulation, which could be used to provide information in addition to population density (8) .
Bacterial swarming is a flagella-induced movement in the presence of extracellular slime, the latter being a mixture of carbohydrates, proteins, peptides, surfactants, etc., by which the bacteria can spread over a surface (reviewed in refs. 9 and 10) . This process and other forms of surface motility (reviewed in ref. 9 ) are found in many bacterial genera (11) (12) (13) (14) (15) . Swarmer cells are often hyperflagellated, elongated, and multinucleated. These motile cells move in groups, colonizing the entire available surface. It has been suggested that glycolipid and͞or lipopeptide biosurfactants thereby produced function as wetting agents (16) . The migration front is preceded by a visible layer of slime-like extracellular material as observed, for example, for Burkholderia cepacia (12, 17) . Within the matrix of extracellular polymeric material, the population densities are obviously extremely high (17) . In support of this view, it has been demonstrated that QS is induced and AHLs are produced in swarming colonies (reviewed in ref. 2) .
The Gram-negative nitrogen-fixing soil bacterium Rhizobium etli is the bacterial symbiotic partner of the common bean plant. R. etli CNPAF512 produces at least seven different QS signal molecules, produced by the cinIR and raiIR QS system. cinI and raiI code for the AHL synthases, and cinR and raiR code for the transcriptional regulators that bind the AHLs (18, 19) . Recently, it was shown that both QS systems in R. etli are clearly responsive to distinct AHLs. Exogenously supplied long-chain AHLs C 12 -homoserine lactone (HSL) and C 14 -HSL activate the cinI fusion. Furthermore, the strongest induction occurs with the saturated long chain (slc) 3OH-(slc)-HSL, which is produced by CinI. In contrast to cinI, strong induction of the raiI-gusA fusion is obtained in the presence of OH,C 8 -HSL (unpublished results). For swarming migration to occur the cin QS system is required, as R. etli cin mutants are no longer able to move over this solid surface (2) .
The original objectives of this research project were to elucidate the relationships between the above-mentioned social processes, QS and swarming, in R. etli. In the course of these studies, we discovered that AHLs have an additional role. This study specifically demonstrates that, in addition to a signaling function during swarming, long-chain AHL molecules also have a direct role as biosurfactants in promoting surface colonization.
Results

Endogenous Overproduction of CinI-Made 3OH-(slc)-HSL Restores cinR
Mutant Swarming Behavior. First, the role of the cinIR quorum system as the master regulator for R. etli swarming was investigated in macroscopic swarming experiments shown in Fig. 1 . The typical pattern formation arising from swarming was observed in the WT colony (Fig. 1 A) . For the cinI mutant, swarming was absent (Fig. 1C) . A constitutively induced, plasmid-borne cinI restores surface movement of the cinI mutant (Fig. 1D) . Also, the same construct stimulates surface migration in the WT strain and induces the formation of pronounced extrusions along the colony border ( Fig. 1 A and B) . Unexpectedly, this constitutively induced, plasmid-borne cinI was also able to restore swarming of the cinR mutant ( Fig. 1 E and F) . It can be concluded that endogenous production of 3OH-(slc)-HSL stimulates surface movements of both cinI and cinR mutants indistinguishable from the WT (Fig. 1 A, D, and F) . Although 3OH-(slc)-HSL is the natural CinI-made AHL, its signaling function is impaired in the cinR mutant as judged from the lack of cinI-gusA induction. These results are independent of the rai locus as endogenous production of 3OH-(slc)-HSL stimulates surface movements of the cinRraiR mutant and a raiI-gusA is not induced in cin mutants (data not shown). Also, this fusion is not expressed in cinR under free-living conditions by overproducing endogenous 3OH-(slc)-HSL. Moreover, introduction of the rai locus could not complement the cin mutants for surface migration (data not shown). Taken together, these data suggest a direct role for endogenous CinI-made 3OH-(slc)-HSL in swarming in addition to its known signaling function.
To verify this hypothesis, an extract containing the CinI-made 3OH-(slc)-HSL (ϫ1 concentration) was supplied to swarm plates, and its ability to affect colony borders of the cinR mutant was investigated as shown in Fig. 2 . Instead of a smooth colony pattern, supply of CinI-made 3OH-(slc)-HSL causes the appearance of extrusions along the cinR swarm colony border ( Fig. 2 C  and D) . The extract's stimulating effect on the WT swarm colony diameter is shown in Fig. 2 A and B . Although the observed effect on cinR is less pronounced, especially with respect to the diameter of the colony, this subtle effect was observed in independent experiments several times. From control experiments showing a similar induction of cinI-gusA in the swarm colony atop of a plate and in a planktonic culture, both supplied with equal concentrations of 3OH-(slc)-HSL molecules, it was concluded that most of the 3OH-(slc)-HSL molecules supplied to the agar are freely available for the swarmers.
Similarly as exogenously supplied 3OH-(slc)-HSL (Fig. 2D) , synthetic molecules C 10 -HSL, C 12 -HSL, and C 14 -HSL were also able to slightly affect swarm colony borders of the cinR mutant in a concentration-dependent manner (10-100 M). Representative concentrations of C 10 -HSL (Fig. 2 F and G) and C 14 -HSL (Fig. 2H ) produced similar effects on swarming. Given the solubility of C 14 -HSL and restricted percentage of solvent allowed in the swarmer plates, we were unable to include higher concentrations for C 14 -HSL. In contrast, OH,C 8 -HSL or C 6 -HSL did not affect swarming positively in the cinR mutant (data not shown).
Extracellular Slime Surrounding the Swarm Cells Contains 3OH-(slc)-
HSL.
To deduce the signal concentration available to the cells at the surface of the swarmer plate and inside of the bacterial slime layer, aqueous extracts were prepared from the WT, raiI, producing only 3OH-(slc)-HSL, and cinI swarm colonies. The cinI-inducing capacity of these extracts was assessed in a cinI planktonic culture (for an overview see Table 1 ).
The extract from the extracellular slime surrounding the WT swarmers strongly induced the cinI fusion [1,174 Miller units (MU); 75-fold diluted extract]. We anticipate that the concentration of 3OH-(slc)-HSL in the slime layer is at least 10-fold higher compared with the level reached in a stationary-phase planktonic culture (1,406 MU; 5-fold diluted). This higher concentration is in agreement with the higher concentration of WT swarmers compared with a planktonic culture (see Materials and Methods and Table 1) .
Similarly, extract from raiI mutant swarmers clearly induces the cinI fusion (5,274 MU; 25-fold diluted) to a high level in planktonic cells. As expected, extract from cinI swarmers does not induce the cinI fusion in a planktonic culture. For swarming, the solvent effect was studied in the presence of the corresponding amounts of acetonitrile (E) or when appropriate an extract from the strain devoid of the cin locus (C). The control plates never affected swarming positively or negatively in R. etli. X, the concentration factor of 3OH-(slc)-HSL compared with the supernatant concentration of the producer strain. Diameter of the swarm plate is 6 cm. ϩ corresponds to swarming; Ϫ corresponds to a negative swarming phenotype.
In addition, this same extract obtained from raiI mutant swarmer plates was supplied to fresh swarmer plates in the same concentration. Next, expression of cinI-gusA in the swarm colony atop of the plate was determined. The induction of the plasmid-encoded cinI fusion in this colony (2,139 MU) approaches that of planktonic cultures, indicating that most of the 3OH-(slc)-HSL molecules supplied to the agar are freely available for the swarmers. Extract from cinI mutant swarmers was not able to induce expression under the same conditions. Similarly, as described above, the swarming behavior of the cinR mutant was analyzed in the presence of increasing amounts of synthetic AHLs supplied to the swarm plates (10-100 M). The induction of the cinI-gusA fusion was also analyzed in these swarmer cells grown in the presence of C 12 -HSL, C 14 -HSL, and 3OH-(slc)-HSL. Extrapolation of these values to free-living expressions show similar expression levels compared with those obtained in swarmer cells (data not shown), indicating that not all, but a large part, of the AHLs added to the agar plate are available in the swarmer biofilm at biologically relevant concentrations as indicated by the expression levels in swarmer cells.
Biosurfactant-Like Activity of 3OH-(slc)-HSL Produced by CinI in R. etli.
A first method for evaluating the surface activity of the AHL molecules was to monitor the spreading of water droplets on the surface of the agar plates when adding C 6 -HSL, OH,C 8 -HSL, C 10 -HSL, C 12 -HSL, C 14 -HSL, or 3OH-(slc)-HSL to the plate. For the pure water and C 6 -HSL, OH,C 8 -HSL a spherical droplet shape is observed. However, a clear effect of the long-chain AHLs on the edges of the spreading water droplet, indicative of biosurfactant-like activity, was observed (Fig. 3 ). This effect is similar to that observed on the edge of a swarming cinI and cinR colony grown in the presence of these AHLs. These observations support the hypothesis that 3OH-(slc)-HSL produced by R. etli CinI regulates swarming directly by a surface-active mechanism. It is generally well known that biosurfactants can also affect the contact angle between the liquid phase and the substrate. Direct measurements of the macroscopic contact angle of water droplets containing C 12 -HSL, C 14 -HSL, and 3OH-(slc)-HSL on silanized glass surfaces with varying wettability were performed. In the concentration range where the spreading of the water droplet is accompanied by extrusions (as in Fig. 3 ), the contact angles of the droplets containing AHLs did not differ from those obtained using water, within the measurement accuracy of the apparatus. Only at higher, but biologically less relevant, concentrations the contact angle was observed to decrease.
To demonstrate more clearly that AHLs are indeed biosurfactants at biologically relevant concentrations, the surface activity of the signaling molecules was determined by using a Langmuir trough and a Wilhelmy balance, which is a more sensitive method. Hereby, the AHLs are allowed to spread on a water surface. A strong increase of the surface pressure caused by compression is proof of a significant surface activity. Surface pressure-area isotherms of C 10 -HSL, C 12 -HSL, C 14 -HSL, OH,C 8 -HSL, C 6 -HSL, and 3OH-(slc)-HSL (concentrations see Materials and Methods) in Fig. 4 reveal a chain-length dependence of the surface activity. For C 6 -HSL, C 10 -HSL, and OH,C 8 -HSL, a monotonous increase of the surface pressure occurs only for very low values of trough area. This result indicates that these small-chain AHLs partially desorb from the interface at low values of trough area unlike biosurfactants. For the C 12 -HSL and C 14 -HSL molecules, the isotherms correspond to monolayers Expression of cinI-gusA was monitored in planktonic cinI mutant R. etli. The cinI-inducing capacity of aqueous extracts from a swarm colony of WT cells (75-fold diluted) and stationary-phase culture of WT cells (5-fold diluted) was analyzed. The dilution factor is related to the initial volume of the isolated swarm colony and liquid culture, respectively. Values are the means of 10 (swarmers) and 5 (liquid culture) independent experiments. The standard deviation is indicated in parentheses. that are stable but undergo phase transitions. Similar behavior has been reported for many complex molecules such as, for example, fatty acids (20, 21) . For 3OH-(slc)-HSL, secreted by the bacteria, the pressure-area isotherms are shown in Fig. 4 Inset. As the concentration of this molecule is not known, the data are reported as a function of the trough area (Fig. 4) . The pressurearea isotherms of the long-chain AHLs are proof of significant surface activity. To better correlate these observations with other experiments, equilibrium surface pressure was determined when AHLs were injected in the subphase of the trough to give an overall concentration in the M range (data not shown). Surface pressure increases with increasing bulk concentration and reaches a plateau above 4 M. Along similar lines as the effect of long-chain AHLs on the swarming behavior of the cinR mutant ( Figs. 1 and 2) , the impact thereof on the spreading of a water droplet (Fig. 3), Fig. 4 clearly demonstrates significant surface activity of C 10 -HSL, C 12 -HSL, C 14 -HSL, and 3OH-(slc)-HSL, whereas the effect is weaker or even absent for C 6 -HSL and OH,C 8 -HSL.
3OH-(slc)-HSL, Produced by CinI in R. etli, Decreases Viscosity of
Swarmers' Slime. The viscosity of the slime plays an important role in the motility of the bacteria and in controlling the swarming of the colony. The slime is a complex fluid, with a viscosity that will depend on the rate of deformation. The deformation rates involved in the process of swarming encompass several orders of magnitude. The movement of the bacteria through the slime is a rapid deformation: optical microscopy shows that the individual bacteria move at speeds of 10 m to 1 mm͞s (see Movie 1, which is published as supporting information on the PNAS web site), which given the film thickness leads to an estimate of the deformation rate of Ϸ10 Ϫ2 to 10 s Ϫ1 . In contrast, the velocity of the border of the swarming colony is much smaller, on the order of mm͞hr near the edges of the film, and the relevant shear rate can be estimated to be of order 10 Ϫ1 s Ϫ1 . Therefore, the shear rate dependence of the slime and the effect of the AHLs on the flow curve was investigated over a wide range of shear rates. The flow curves, averaged over a number of sample loadings, of the WT and cinR mutant slime are shown in Fig. 5 . Importantly, both for the WT and cinR, the viscosity of the slime decreases as the rate is increased, i.e., so-called shear thinning behavior is observed. The effect of endogenous CinI-made 3OH-(slc)-HSL on the cinR slime is shown in Fig. 5A . A small, but significant, decrease of the viscosity of the extracellular material containing excess 3OH-(slc)-HSL is observed for all shear rates tested (Fig. 5A) . The low shear viscosity (left part of the curves in Fig. 5 ) is most sensitive to subtle changes in the interactions between the complex molecules contained within the slime when 3OH-(slc)-HSL is introduced. Increased production of CinI-made 3OH-(slc)-HSL reduces viscosity in the WT slime (Fig. 5B) , similarly to what is observed for the cinR mutant. Yet, the effect of the AHLs on the overall viscosity curves is limited. Discussion AHL molecules are widely known for their role as signal molecules in intercellular communication in bacterial populations. Here, we present evidence for a unique biological function of AHLs. Our data indicate that, in addition to a signaling role, AHLs carrying long acyl-side chains possess significant surface activity at biologically relevant concentrations. This property allows these molecules to function as biosurfactants. Other biological functions for oxoAHLs have also been reported recently (22) .
Traditionally, biosurfactants were categorized into one of the following classes: glycolipids, lipoproteins, phospholipids, fatty acid salts, and polymeric biosurfactants. The importance of biosurfactants includes the role of surfactin for the erection of Bacillus fruiting bodies (23) and serrawettin in Serratia swarming (10) . Furthermore, roles for the LPS O-antigen in Proteus mirabilis, Salmonella enterica Serovar Typhimurium, and Serratia marcescens swarming (24-26) and for a capsular polysaccharide in enhancing medium surface fluidity during Pr. mirabilis population migration and in influencing cell-cell interactions was previously reported (27) . Remarkable is the role of small hydrophobic proteins, SapB or the hydrophobin SC3, in the formation of Streptomyces or fungal aerial mycelia (28) . QSregulated biosurfactant production via AHLs with side chains from four to six carbons has been demonstrated in Serratia liquefaciens (10) , Pseudomonas aeruginosa (29, 30) , and possibly B. cepacia (17) . Moreover, in these bacteria the link between the biosurfactant production and swarming has also been shown. Recently, it has been suggested that the precursor of rhamnolipids, 3-(3-hydroxyalkanoyloxy)alkanoic acid, is required for surface wettability and rhamnolipids for modulating Ps. aeruginosa swarming behavior (29, 31) . Our results add a class of biosurfactant molecules to this list. The chain-length and concentration dependence of the surface activity of the AHLs was derived from the free energy per unit of surface by using a Langmuir trough (20, 21) . For the long-chain AHLs, the pres- sure-area isotherms give clear indications of significant biosurfactant activity at biologically relevant concentrations.
The complex shape of the swarming colonies suggests that the role of surface activity in controlling swarming is caused by so-called Marangoni effects (32) . Concentration gradients of biosurfactants may give rise to convection phenomena resulting from gradients in surface tension (32) . This requirement for concentration gradients of AHLs explains the observed differences between in situproduced 3OH-(slc)-HSL and exogenously supplied AHLs (compare Figs. 1 and 2) . In spreading of thin surfactant films on a water film, these Marangoni stresses are responsible for the occurrence of a characteristic fingering pattern (33) that strongly resembles the edges of a swarm colony. It should be pointed out that other explanations for this fingering pattern based on an inhomogeneous distribution of nutrients have been proposed (34) . This mechanism is contradicted by the observation that the swarm edges are smooth in the cinR colony. It should be pointed out that the experimentally measured decrease in macroscopic contact angle is too small for pure wetting properties to play an important role during swarming of an R. etli colony; moreover, this would lead to a homogeneous spreading of the extracellular material (35) . Biosurfactant-induced reduction of the slime viscosity as observed in R. etli could also promote swarming. The effect of 3OH-(slc)-HSL on the flow curve is, however, limited.
To assess the plausibility of the Marangoni effect as the driving force for swarming, the dimensionless groups involved were estimated. Matar and Troian (33) presented an analysis of the spreading of a thin film with a stepwise concentration profile of surfactant at the air liquid interface and showed the characteristic spreading speed is given by U ϭ ⌸͞, with the film thickness over diameter, ⌸ the surface pressure, and the viscosity of the film. With microscopy, the velocity of the swarming front was measured to be on the order of 0.5 m͞s. At the edge of the swarm the characteristic film thickness is comparable to the physical size of the bacteria (Ϸ1 m). At the shear rates obtained in the film, Fig. 5 allows for a reliable estimate of the viscosity of the slime of 10 Pa⅐s. Assuming a characteristic film diameter of 1 cm the required surface pressure can be estimated to be 50 mN͞m, which is the same order of magnitude as excess pressures shown in Fig. 4 for the long-chain AHLs. The existence of a concentration gradient in biosurfactant is plausible when the bacteria cannot fully penetrate to the edge of the extracellular slime. At the edges, the film thickness is too small for the bacteria to reside because of their physical size. The experimentally observed spreading speed is hence consistent with the one expected for Marangoni flows for the surface pressures, thickness, and viscosities that have been observed. A second condition to be fulfilled is that local concentration gradients are sustainable. Gradients in biosurfactant concentration can exist if Marangoni effects dominate surface diffusion. In this end, the modified surface Péclet number Pe s ϭ ⌸h͞D, with h the film thickness and D the surface diffusivity of the biosurfactant, must be sufficiently large (35) . Typical values for D for small amphiphiles at the air water interface is 10 Ϫ7 cm 2 ͞s (36), which combined with the values for film thickness, surface pressure, and viscosity, results in Pe s Ͼ 10 6 , indicating that concentration gradients can indeed exist. It should be pointed out that the analysis of Matar and Troian (33) is limited to Newtonian liquids, whereas in the present case the shear thinning profile of the viscosity (Fig. 5 ) of the matrix for R. etli swarming will amplify the Marangoni effect.
Our data indicate that 3OH-(slc)-HSL, produced by CinI, shows biosurfactant-like activity at biologically relevant concentrations and directly promotes surface migration in R. etli independently from specific target genes. A high population density likely needs to be reached to obtain a sufficient concentration of AHL biosurfactant in the extracellular medium, linking this system to other QS-regulated phenomena. Considering these findings, it might be appropriate to re-evaluate the function of AHLs with long acyl-side chains with respect to a direct role affecting the surface tension of liquids and presence of Marangoni effects.
Materials and Methods
Bacterial Strains and Culture Conditions. R. etli strains include WT CNPAF512 (37), a cinI mutant (FAJ4006) (19) , a cinR mutant (FAJ4007) (19) , and a raiI mutant (FAJ1328) (18) . A cinRraiR mutant (CMPG8299) was constructed. For this, the Km cassette (pHP45⍀) was inserted into the NdeI site of pFAJ1327 (18) containing raiR after blunting of the fragments, yielding plasmid pCMPG8299. This sacB suicide vector was used to introduce the raiR mutant allele into FAJ4007. The reporter fusions used are cinI-gusA (pFAJ4014) (19) and raiI-gusA (pFAJ1458) (E. Luyten, personal communication). A plasmid-borne P nptII -cinI fusion was constructed in the vector pFAJ1709 (38) . For this, the 1.4-kbp HindIII-BamHI fragment of pFAJ4004 containing cinI (19) was cloned into the HpaI site of pFAJ1709 after blunting of the fragments, yielding plasmid pCMPG8798. Plasmids were introduced into CNPAF512 by conjugation (19) . For heterologous expression in Agrobacterium tumefaciens, R. etli cinIR was cloned into a pPZP200 derivative (pFAJ4013) (19) .
Rhizobium was grown at 30°C in trypton yeast extract (19) or yeast extract mannitol medium (39) . A. tumefaciens NT1 was grown in agrobacterium medium at 28°C (19) . When appropriate, the media were supplemented with 30 g͞ml nalidixic acid, 60 g͞ml kanamycin or neomycin, and 1 g͞ml tetracycline for R. etli and with 300 g͞ml streptomycin and 100 g͞ml spectinomycin for A. tumefaciens.
Motility Assays. For swarming, yeast extract mannitol (containing 0.4 g͞liter MgSO 4 ⅐7H 2 O) soft agar plates (0.75%; 60͞15 mm, Greiner Bio-One, Kremsmünster, Austria) were dried for 5 h (16°C) and spot-inoculated centrally on the surface with the appropriate R. etli WT or mutant strain (1.2 l of overnight culture brought at OD 595 0.7). The plates were incubated for 3 days at 30°C. Restoration of the swarming behavior was analyzed on swarmer plates containing either synthetic AHLs (10-100 M) or a filtersterilized aqueous extract of a swarming colony (25-fold diluted). The latter extract was prepared as follows: a swarm colony (containing the cells and extracellular slime from one swarm plate) was scraped off and collected in 1 ml of MilliQ water and subsequently centrifuged (10 min, 3,300 ϫ g). To correlate AHL production on the plate with the number of bacteria present, cells and extracellular slime from one plate was scraped off, the weight was determined and adjusted to 1 ml with 10 mM MgSO 4 , and cfus were determined. From the weight of the collected slime, the volume was calculated (mean weight 0.1085 g͞0.1 ml slime). A total of 10-fold more bacteria were detected on a swarm plate (2.56 10 10 cfu͞ml; n ϭ 10) compared with a stationary phase R. etli culture (2.33 10 9 cfu͞ml; n ϭ 5). cinI-gusA induction was used as a tool to quantify 3OH-(slc)-HSL production in the same extract from WT swarmers (1,174 MU; SD 459; n ϭ 10; 75-fold diluted extract) and planktonic bacteria (1,406 MU; SD 374; n ϭ 5; 5-fold diluted). Macroscopic observation of swarming was done with a digital camera (Sony, Tokyo, Japan). Light microscopic photographs were taken with a Leica (Deerfield, IL) microscope (MZ FLIII) equipped with a SPOT RT Slider camera (Diagnostic Instruments, Sterling Heights, MI) (ImagePro software).
Synthetic AHLs. C 6 -DL-HSL, C 10 -DL-HSL, C 12 -DL-HSL, and C 14 -DL-HSL were from Sigma-Aldrich (St. Louis, MO). 3OH,C 8 -DL-HSL was synthesized as reported (40, 41) except that the hydroxylated molecule was extracted with dichloromethane͞water (1:1). Stocks (10 and 50 mM) were in acetonitrile.
Extraction and Detection of QS Signal Molecules. Dichloromethane (containing 1.5 ml of HAc͞liter) extract from 1 liter of a stationary-phase culture of R. etli (in AMS mannitol) or Agrobacterium transformants [production of 3OH-(slc)-HSL] in agrobacterium medium at 30°C was prepared and the AHLs were detected, essentially as described (19) .
Expression Analysis. For expression tests in planktonic cells, an overnight culture of R. etli was diluted 40-fold in microtiter dishes sealed with a breathable membrane (Greiner Bio-One) and incubated for 40 h in the presence of either synthetic (0.5 nM-0.5 mM) or purified AHLs, or a filter-sterilized aqueous extract of a swarming colony. Alternatively, a swarm colony (containing Ϸ0.1-0.2 ml of cells and extracellular slime from one swarm plate) was scraped off and collected in 1 ml of 10 mM MgSO 4, after which expression was analyzed. The swarmer colony was grown on agar exogenously supplied with various concentrations of AHLs (0-100 M). Quantitative analysis of GusA activity was carried out in microtiter plates with p-nitrophenyl-␤-D-glucuronide as the substrate by the method of Miller (42) . GusA activity was examined in a VERSA max microplate reader (Molecular Devices, Sunnyvale, CA) (37).
Surface-Activity Assay. The surface pressure is measured by using a Langmuir trough equipped with a film balance and a Platinum Wilhelmy plate (KSV Instruments, Helsinki, Finland) (20) . Typically, the surface pressure is reported, which is defined as ⌸ 0 ϭ ␥ 0 Ϫ ␥, where ␥ is the surface tension of the surface covered with surface-active components and ␥ 0 is the surface tension of the surfactant-free interface. In the experiments, the trough was filled with water and the AHL to be tested was injected onto the air-water interface [200 l of 0.5 mM AHL or 120 l of 75-fold concentrated 3OH-(slc)-HSL, compared with the supernatant concentration of the producer strain; trough volume 120 ml]. Subsequently and during compression, adsorption equilibrium between bulk and surface sets in. Subsequently, surface pressure-area isotherms were recorded by compressing and expanding the surface monolayer. To compare the isotherms, the number of molecules initially spread per trough area was reported. In adsorption equilibrium experiments the AHLs were injected in the subphase of the trough to give an overall concentration of 0-6 M, and for each concentration the equilibrium surface pressure was measured.
Surface activity was also investigated by means of contact angle measurements. For this, water droplets with AHLs [0.5 nM-100 M C 14 -HSL or 250 M C 12 -HSL; 1-to 10-fold concentrated 3OH-(slc)-HSL compared with the supernatant concentration of the producer strain] were deposited on hydrophobized glass slides. The slides were rendered hydrophobic by using a solution of dimethyldichlorosilane in heptane (Fluka, Buchs, Switzerland). By controlling the reaction time with the silanization solution, substrates with different water contact angles could be realized. Contact angles were measured with a KSV CAM 200 (KSV Instruments) by recording the droplet shape and fitting this to the Young-Laplace equation (35) .
Rheological Properties of the Extracellular Slime. The swarmer cells together with the extracellular slime were scraped off with the backside of a spoon and collected from the colony borders of three swarm plates after which viscosity was determined as a function of the shear rate. To avoid taking material from the center of the swarm plate, the central region (diameter 1 cm) was carefully removed with a plastic cylinder before isolation was started. The rheological measurements on the extracellular slime were performed on a MCR-300 rheometer (Anton-Paar, Graz, Austria) equipped with a cone and plate geometry to ensure a homogeneous deformation throughout the material. Temperature was controlled to 37.0°C with the help of a Peltier element attached to the lower plate, and the system was covered with a Peltier hood. The atmosphere inside the hood was kept in constant contact with a saturated KNO 3 solution in water to create constant humidity conditions. In such a way evaporation of water from the free surface of the extracellular slime between the cone and plate could be minimized.
